The thermal decomposition reactions of CF 3 CF 2 H and CF 3 CFHCF 3 have been studied in shock waves by monitoring the appearance of CF 2 radicals. Temperatures in the range 1400-2000 K and Ar bath gas concentrations in the range (2-10) Â 10 À5 mol cm À3 were employed. It is shown that the reactions are initiated by C-C bond fission and not by HF elimination. Differing conclusions in the literature about the primary decomposition products, such as deduced from experiments at very low pressures, are attributed to unimolecular falloff effects. By increasing the initial reactant concentrations in Ar from 60 to 1000 ppm, a retardation of CF 2 formation was observed while the final CF 2 yields remained close to two CF 2 per C 2 F 5 H or three CF 2 per C 3 F 7 H decomposed. This is explained by secondary bimolecular reactions which lead to comparably stable transient species like CF 3 H, releasing CF 2 at a slower rate. Quantum-chemical calculations and kinetic modeling help to identify the reaction pathways and provide estimates of rate constants for a series of primary and secondary reactions in the decomposition mechanism.
Introduction
CF 3 H, C 2 F 5 H, and C 3 F 7 H have been proposed as fire suppressants, replacing the environmentally harmful halons (see, e.g., ref. [1] [2] [3] [4] [5] and work cited therein). The use of these substances is not unproblematic as they have long atmospheric lifetimes and even may enhance combustion (see ref. 6 and work cited therein). For this reason, it appears to be obligatory to understand the mechanism and rates of the thermal decomposition of these substances. The proposed modeling schemes (see, e.g., ref. 3, 6 and 7) contain a large number of estimated and uncertain rate constants, such that more detailed work appears to be desirable.
The present work focusses on the primary dissociation of C 2 F 5 H and C 3 F 7 H while in a previous publication 8 we reported studies of the primary dissociation of CF 3 H. Besides the experiments, a modeling of the results in terms of unimolecular rate theory is required such that temperature and pressure dependencies of the rates can be characterized. À4 to 10 À3 Torr) were applied in a heated flow inside a UV photoelectron spectrometer, 5, 11 allowing for an in situ analysis of primary reaction products. However, no attention was paid to possible pressure dependencies of the unimolecular dissociation steps. This will be done in the present work leading to different conclusions about primary products under practical conditions. Multiphoton dissociation studies of ref. 15 and 16 gave additional information on competing primary dissociation channels (see analogous experiments for CF 3 CF 2 CHF 2 in ref. 17) . The pyrolysis results of ref. 10 and 14 differed considerably, e.g. by a factor of 5 in the dissociation rate constant at 1300 K, such that more work appears to be necessary. While the primary process in ref.
14 was believed to be HF elimination, 
was also postulated for the highest temperatures (above about 1350 K). In contrast to the single-pulse analysis technique used in ref. 13 and 14 , the present shock wave study used UV absorption spectroscopy of CF 2 radicals to follow the reaction. CF 2 is either formed by the decomposition of C 2 F 4 through
i.e. from the product of reaction (1), or by the decomposition of CF 2 H through
Reactions of CF 3 formed by reaction (2) will also take place. While we studied the decomposition of C 2 F 4 in recent work, 18 we are not aware of similar work for the decomposition of CF 2 H. Monitoring CF 2 has the advantage that a much closer and more sensitive look at the primary reaction steps becomes possible than with the techniques used before. Quantumchemical calculations in the present work could also be made with more advanced techniques than applied in some of the earlier work.
Previous experimental work on the pyrolysis of C 3 F 7 H again is scarce. As for C 2 F 5 H, there has been a single-pulse shock tube study 4 
and
while
was also assumed to be possible. In the present work, again UV absorption spectroscopy of CF 2 was employed to monitor a reaction product which is close to the primary reaction and can, e.g., directly be formed by dissociation of C 3 F 6 or CF 3 CHF such as discussed below. While detailed quantum-chemical calculations of the primary decomposition steps of C 3 F 7 H are already available from ref. 12 , we extended such calculations to a number of primary as well as secondary reaction steps.
Experimental techniques and results
We studied the thermal dissociation of C 2 F 5 H and C 3 F 7 H in reflected shock waves in a shock tube which has been described before. 8, 18, 20, 21 We followed the progress of the reaction by monitoring the UV absorption of CF 2 at 248 nm. Due to the strong absorption of this species, we were able to work with highly diluted reaction mixtures, down to 60 ppm of reactant concentrations in the bath gas Ar. The study of the concentration dependence of CF 2 formation turned out to be of crucial importance for an understanding of the overall mechanism. Argon of high purity (>99.999% from Air Liquide) was used while less high purity (>99.7% from abcr) appeared to be sufficient for C 2 Âexp{À
With this calibration of e we could show that (within 10% uncertainty) C 2 F 5 H decomposition under our conditions finally leads to 2 CF 2 radicals while C 3 F 7 H decomposition leads to 3 CF 2 radicals. One would be tempted to conclude from these results that reaction (1) followed by the faster reaction (3) dominates C 2 F 5 H decomposition. Likewise, one might conclude that C 3 F 7 H decomposition is dominated by reaction (5) followed by the faster dissociation of C 3 F 6 to 3 CF 2 . However, our detailed studies of the concentration dependence of the kinetics of CF 2 formation showed that this conclusion is premature and a more complicated mechanism of radical reactions has to be considered. Fig. 1 shows the appearance of CF 2 radicals during the decomposition of C 2 F 5 H behind a reflected shock at 1655 K (9) were observed. Fig. 3 shows an example. After a relative long induction time some acceleration of the formation of CF 2 just becomes noticeable. We come back to this observation later. Extending the experiments to higher temperatures, on the other hand, also some minor consumption of CF 2 was observed after the formation of CF 2 from the primary dissociation was complete, see an illustration given below. We also discuss this observation later.
Increasing the reactant concentration from values near 70 ppm to values in the range 500-1000 ppm, an interesting and unusual change of the rate law was observed both for C 2 F 5 H and C 3 F 7 H decompositions. The apparent rates of CF 2 formation decreased noticeably, while the final CF 2 yields remained unchanged near 2[C 2 F 5 H] t=0 and 3[C 3 F 7 H] t=0 , respectively. In addition, some deviations from the simple first order rate law of eqn (9) became apparent. One can best illustrate these observations by comparing in one picture the ''low''-and ''high-concentration'' absorption-time profiles after scaling the CF 2 absorptions to the final CF 2 -levels. Fig. 4 shows an example for C 2 F 5 H decomposition near 1800 K. In the same way, Fig. 5 in addition illustrates the observation of some short-time consumption of CF 2 in low-concentration experiments at higher temperatures (here near 2000 K), such as discussed later. A comparison of ''low''-and ''high''-concentration rate constants k a,l and k a,h , respectively, is given in the Arrhenius plot of Fig. 6 . The lowering of the apparent first-order rate constants from k a,l (at 70 ppm) to k a,h (at 600 and 1000 ppm) is significant. The figure also includes rate constants 21 for the C-C bond breaking in C 2 F 6 -2 CF 3 at the same Ar concentration of about 5 Â 10 À5 mol cm À3 such as used in most of the present experiments. At the same time, it includes rate constants 8 for CF 2 formation in CF 3 H -CF 2 + HF, again at
[Ar] = 5 Â 10 À5 mol cm À3 . A relation of the rate constants for C 2 F 6 and CF 3 H decompositions to k a,l and k a,h , respectively, will be discussed later. (One should note that a decrease of the rate constants for C 2 F 6 and CF 3 H decompositions by falloff effects in Fig. 6 has been accounted for.) Fig. 7 shows analogous results for C 3 F 7 H. All CF 2 -profiles were fitted to eqn (9) such that the shown values of k a and k b are apparent values only, as there were the described deviations from eqn (9) . We note that we observed the transition between k a,l and k a,h (or k b,l and k b,h ) over the concentration range of our experiments, while the limiting values of k a,l and k a,h (or k b,l and k b,h ) apparently did not further depend on the concentration. For experimental reasons, we did not further inspect more details of the transition between k a,l and k a,h . However, as shown in Fig. 6 we note that k a,l is close to k(C 2 F 6 -2 CF 3 ) while k a,h is close to the rate constant for the reaction
The latter observation provides a key to the understanding of our results such as given below. Our rate constants k a,l , k b,l , k a,h , and k b,h can be represented approximately by the Arrhenius expressions
We note that, for [Ar] = 5 Â 10 À5 mol cm À3 , the rate constant for reaction (10) 
Modeling of primary decomposition pathways
As the monitored CF 2 radicals are not primary decomposition products of C 2 F 5 H and C 3 F 7 H, one has to analyze their formation first by inspecting the primary decomposition pathways using quantum-chemical modeling. In part this has already been done in ref. Table 2 presents computed transition state enthalpies for the corresponding reaction channels. We illustrate the corresponding energy profile in Fig. 8 .
Inspecting Table 2 and Fig. 8 indicates that there are three elimination processes (reactions (15), (16) and (18)) which either directly or by fast secondary processes lead to CF 2 . The electronic barrier for the isomerization
at the G3MP2B3 level was calculated to be 148 kJ mol À1 ;
therefore, this reaction is very fast. The secondary dissociation of C 2 F 4 with its bond energy of
, on the other hand, is also fast enough 18 that the overall rate of CF 2 formation through reactions (15) and (16) would be governed by the rate of the latter processes. The three rigid-activated complex elimination processes (15) , (16) and (18), however, compete with the loose-activated complex C-C bond breaking process (19 In order to quantify the transition from a possible lowtemperature rigid-activated complex elimination to a hightemperature loose-activated complex bond fission mechanism, we have further modeled the kinetics of reactions (15) and (19) . Activated complex frequencies for reaction (15) were determined by DFT calculations such as given in the Appendix together with parent molecule frequencies. Rigid activated complex transition state theory then led to a high pressure rate constant
In view of the large pressure difference between the experiments of ref. Tables 1 and 2 ).
to ). This discrepancy may have something to do with the different reactant concentrations employed. Similar to reaction (15) we modeled the high pressure rate constants for reactions (16) and (18) (reaction (17) being ruled out because of its high energy barrier, see Table 2 ). We obtained k 16 . This suggests that these two pathways would be considerably less important than reaction (15) .
A comparison of the modeled k 15,N with our measured k a,l from eqn (11), as well as the concentration dependence of the rate measurements described in Section 3.1, suggests that not the HF elimination process (15) but the C-C bond breaking process (19) dominates the decomposition under all of our conditions (perhaps except for temperatures below about 1400 K). The multiphoton dissociation experiments of ref. 15 and 16 support this conclusion. Energy-dependent specific rate constants k(E) for this process in ref. 9 were compared with those for reaction (15) . As these calculations were still tentative, and as we do not have sufficiently detailed knowledge about the potential energy surface for the bond-breaking in CF 3 -CF 2 H to repeat such calculations, here we rely on a comparison with the bond-breaking in CF 3 -CF 3 analyzed in ref. 33 . On the basis of pressure-and temperature-dependent experimental data for CF 3 
Furthermore, weak collision center broadening factors [30] [31] [32] of the falloff curves for 1300-2000 K were estimated with F cent,19 E 0.04. This indicates (see Fig. 3 (15) and (19) are close to their low pressure limits where k 15,0 , because of its smaller energy barrier and the reduction of the rate of energetically higher reaction channels in two-channel unimolecular reactions at low pressures, 34 becomes markedly larger than k 19,0 . One could model this depletion effect by combining ref. 9 and 34 in order to estimate at which temperature, at the low pressure limit of the primary decomposition steps, the radical mechanism starts to dominate over the HF-elimination mechanism. This is not done here, because under practical conditions, e.g. of fire suppression, high pressure limiting rate constants are approached where k 15,N is smaller than k 19,N , at least for T > 850 K, see eqn (21) and (22) . As a consequence the product yields of C 2 F 5 H from the low pressure study of ref. 11 should not be considered for practical high pressure applications.
Decomposition of CF 3 CFHCF 3
Quantum-chemical calculations of the thermochemistry and energy barriers have also been performed for various (27) (An energy profile analogous to Fig. 8 , for this reaction, was already presented in ref. 12 and will not be repeated here). While reactions (24)- (26) are rigid-activated complex elimination reactions, the most favorable simple bond-breaking process is reaction (27) . As for C 2 F 5 H, one has to discuss the temperatureand pressure-dependent competition between rigid-and looseactivated complex channels. The similarity of the concentration dependence of our apparent rate constants k a and k b again suggests the dominance of the radical-forming primary C-C bond-breaking process (27) for the employed pressures and over the complete temperature range 1300-1900 K of our study. One notices that the limiting low-concentration value of k b,l is roughly a factor of 10 larger than the corresponding value of k a,l . This should be expected as the bond energy is about 18 kJ mol À1 (at 0 K) larger for reaction (19) than for reaction (27) , and as reaction (27) should be closer to the high pressure limit of the unimolecular bond fission than reaction (19) . The conclusion about a dominance of reaction (27) over the processes (24)- (26) . With these data, reaction (27) would be slower than reaction (24) only at temperatures below 1120 K. On the other hand, ref. 5 found no evidence for reaction (27) between about 900 and 1500 K. Instead, reaction (24) was suggested to dominate up to about 1200 K, with reaction (25) becoming only important above about 1200 K. These opposing conclusions, however, again become reconcilable if one accounts for the large pressure differences of the two studies, ref. k 26 E 3.5 Â 10 14 exp(À53 000 K/T) s À1 over the temperature range 1500-2500 K. All of these rate constants are markedly below our measured values for k b , thus confirming the dominance of the bond-breaking reaction (27) over reactions (24)- (26) under the conditions of the present work.
Mechanism of primary and secondary reactions

Decomposition of C 2 F 5 H
In Section 3.1 it was shown that, at the lowest reactant concentrations (60 ppm) and for the present experimental temperatures and pressures, the dissociation of C 2 F 5 H is initiated by the C-C bond fission
The derived rate constants were found to agree with those of the reaction C 2 F 6 (+ M) -2 CF 3 (+ M) which is energetically very close to reaction (19) . We, therefore, recommend to identify k 19 with the rate constant for C 2 F 6 decomposition whose temperature-and pressure dependence was studied in more detail in ref. 33 . Pressure-dependent Arrhenius expressions for k 19 obtained in this way are given in ref. 33 such as also used in Fig. 6 . Apparently, CF 2 formation at the lowest concentrations then occurs via the fast decomposition of CF 2 H,
and the slower decomposition of CF 3 ,
such that the overall reaction under low-concentration conditions is C 2 F 5 H -2 CF 2 + H + F. Reaction (28) such that reaction (4) is much faster than reaction (19) and almost instantaneously leads to one CF 2 radical while the second CF 2 radical is produced on a somewhat slower time scale. Some indications for this delayed appearance of the second CF 2 possibly became apparent at the lower end of our temperature range, see Fig. 3 . Our experiments for the decomposition of C 2 F 5 H at higher reactant concentrations (1000 ppm) unexpectedly showed a slower rate of CF 2 appearance while the overall yield remained practically unchanged at two CF 2 formed per one C 2 It has to be emphasized that the described mechanism is still tentative, although it describes all aspects of our observed CF 2 profiles: overall yield of two CF 2 per decomposed C 2 F 5 H, slowing down of CF 2 formation at higher concentrations of C 2 F 5 H by bimolecular reaction of a reaction intermediate (most probably H atoms) with C 2 F 5 H, and a transition from a higher C 2 F 5 H decomposition rate, being close to the C 2 F 6 decomposition rate at ''low'' concentration, to a rate of the order of the CF 3 H decomposition rate at ''high'' concentration. The end products of the decomposition under our conditions then are CF 2 , HF, H 2 , and H and F atoms, the latter recombining or reacting at longer time scales.
Decomposition of C 3 F 7 H
As discussed in Section 3.2 we assume that, under the temperatures and pressures of the present work, the decomposition of C 3 F 7 H is initiated by the reaction CF 3 CFHCF 3 (+ M) -CF 3 + CF 3 CFH (+ M) (27) Analogous to the C 2 F 5 H mechanism, CF 3 CFH could decompose via We are not in the position to unravel the described radical mechanism for low reactant concentrations on the basis of CF 2 profiles alone. Likewise, we also cannot uniquely explain which pathways, at higher reactant concentrations, lead to an effective slowing down of CF 2 formation. We note that this is less marked in CF 3 . Our indications for a radical mechanism, instead of the simple rigid-activated complex mechanism of reaction (24) which after fast decomposition of CF 3 CFCF 2 leads to 3 CF 2 + HF, is in agreement with the finding of ref. 2 that k 27 dominates over k 24 over the range 1500-1800 K. It also agrees with conclusions from the multiphoton dissociation of CF 3 CF 2 CF 2 H from ref. 17 . The lack of an observation of a radical mechanism in ref. 5 and the observation of a dominance of reaction (24) , as for C 2 F 5 H is explained by the low pressures (o10 À3 Torr) employed.
There remains the question which reactions correspond to the experimental low-and high-concentration values of k b . Although the low-concentration values of k b,l are close to the value of k 27 from ref. 2 given above, we are not certain about k b,l E k 27 as CF 2 can be formed by several secondary reactions which probably mostly are slower than reaction (27) . Also the high concentration values of k b , i.e. k b,h , from our work not necessarily correspond to a retarded release of CF 2 from CF 3 H. One may also consider other intermediate ''CF 2 storage'' molecules like C 2 F 5 H. Our observations of CF 2 alone are not sufficient to draw more detailed conclusions about the identity of the CF 2 -storing intermediate species.
Conclusions
By monitoring CF 2 production in the thermal decomposition reactions of CF 3 CF 2 H and CF 3 CFHCF 3 under low-concentration, high-pressure, and high-temperature conditions, in our work a closer look at the primary reaction steps was possible than in previous pyrolysis studies. While for C 2 F 5 H decomposition the rate of the primary C-C bond fission could be identified and found to be close to the rate of C-C bond fission in C 2 F 6 , similar conclusions could not safely be drawn for C 3 F 7 H. In both cases the importance of the pressure dependence of the decomposition rates was emphasized. This explains differences between opposing conclusions about the primary reaction steps, derived from high pressure (>10 3 Torr) and low pressure experiments (o10 À3 Torr) in ref. 3, 10, 14 and 5, 11, respectively.
We found that C-C bond fission leading to radical mechanisms always dominated over HF elimination under our conditions. We suspect that this is true down to lower temperatures than assumed in earlier work. We rationalized the unusual slowing down of CF 2 formation with increasing reactant concentrations by bimolecular chain mechanisms which produce intermediate ''CF 2 -storing'' molecules like CF 3 H. The latter then release CF 2 at a slower rate than the low-concentration mechanism where such storage molecules are not formed. The conclusions from the present work about the primary decomposition steps and subsequent radical reactions should be implemented into the multireaction mechanisms of halon-replacing fire suppressant molecules such as described, e.g., in ref. 3 . Conclusions about the primary processes from the low-pressure experiments of ref. 5 and 11 do not appear to be applicable for this purpose.
Although we were not able to obtain precise information on the rate constants of individual elementary reactions, the combination with theoretically modeled rate constants provided an internally consistent picture in agreement with the measurements. In order to facilitate an implementation of our results into large scale modelings of the kinetics, in Table 5 we summarize recommended rate constants from the modelings of the present work. We note substantial differences to previous recommendations. In particular we emphasize that the pressure dependencies of the rates of the primary dissociation reactions cannot be neglected.
Appendix: molecular parameters used in modeling (Reaction enthalpies are given in Tables 1-4 
